Using front-surface fluorometry, we determined the effects of cocaine on force and cytosolic Ca2' concentration ([Ca2+] ) in the rat aorta. We also examined the effects of cocaine on 45Ca2`influx. Cocaine KEY WORDs * cocaine * serotonin * norepinephrine * cytosolic free calcium * vascular smooth muscle C ocaine abuse and associated cardiac toxicity have become major social and medical problems. Cocaine inhibits the neuronal reuptake of norepinephrine (NE),1-3 and the resulting increase in the concentration of NE at the neuromuscular junction of cardiac and smooth muscle tissues provokes symptoms based on an increased sympathetic activity. In patients with coronary artery disease, cocaine-induced sympathomimetic effects (increase in heart rate, positive inotropic effects, and increase in blood pressure)
C ocaine abuse and associated cardiac toxicity have become major social and medical problems. Cocaine inhibits the neuronal reuptake of norepinephrine (NE),1-3 and the resulting increase in the concentration of NE at the neuromuscular junction of cardiac and smooth muscle tissues provokes symptoms based on an increased sympathetic activity. In patients with coronary artery disease, cocaine-induced sympathomimetic effects (increase in heart rate, positive inotropic effects, and increase in blood pressure) can lead to myocardial ischemia that is due to an increase in myocardial oxygen consumption. However, even patients with no evident significant coronary lesions can experience angina pectoris, or there may be a myocardial infarction even with the recreational use of cocaine.45 Cocaine-induced coronary vasoconstriction is one explanation for the myocardial ischemia experienced by these patients.
Increase in the concentration of cytosolic Ca'+ ([Ca'+]i) and the resulting phosphorylation of the 20-kd myosin light chain are key events in the contraction of smooth muscle. Vasoconstricting effects of cocaine have been noted in the isolated rabbit aorta,6 in the pig coronary artery,7 and also in in vivo studies.89 Many investigators have suggested that the influence of cocaine on vascular smooth muscle may be attributed to adrenergic effects.
To assess related mechanisms in detail, we examined the effects of cocaine on Ca2' handling and vascular tone by directly measuring the cytosolic concentration of Ca2' and 45Ca 2 influx in intact smooth muscle. We obtained evidence that cocaine (10-7 to 10`4 M) potentiates the contraction induced not only by NE but also by serotonin (5 -HT), with enhancement of the increase in [Ca2] , through mechanisms involving direct effects on postsynaptic sites. In addition, cocaine, in high concentrations (>10`M), inhibits force development by decreasing [Ca2"],.
Materials and Methods Tissue Preparation
Adult male rats (WKA, 10-12 weeks of age and weighing 300-350 g) were killed by a blow on the head and exsanguinated from the carotid artery. The thoracic aorta was isolated, and the surrounding connective tissues were mechanically removed. The aorta was cut longitudinally. The luminal surface was gently rubbed off with a cotton swab to remove the endothelium. These preparations were cut into circular strips 5 mm long, 1 mm wide, and 0.1 mm thick. The tissue density of the strip was assumed to be 1.05 g/cm3,10 and the cross-sectional area of each strip was calculated using the following equation: cross-sectional area (M2) =wet weight (mg)/length (mm)/1.05 (g/cm3) x 106. The mean value of the cross-sectional area was (1.57±0.28) x 10-7 m2 (n=10).
Fura-2 Loading
The vascular strips thus obtained were loaded with a Ca21 indicator dye, fura-2, by incubating in normal physiological salt solution (normal PSS) containing 0.1% cremophor, 1 mM probenecid, and 50 ,AM fura-2 AM for 3 hours at 37°C. The solutions were bubbled with 95% 02-5% CO2 throughout the experiments. To remove the dye in the extracellular space, the loaded strips were rinsed in normal PSS containing 2 mM probenecid for approximately 1 hour before initiation of each experiment. Loading with fura-2 or probenecid had no apparent effect on the time courses and maximum levels of force development induced by 118 mM K' depolarization or 10 6 M NE ( Figure 1 ). Application of 10`to 10`M acetylcholine during NE-induced contraction did not cause relaxation, thereby indicating that the endothelial cells had been removed. Although probenecid can prevent intracellular sequestration and secretion of fura-2,12 it is possible that a small amount of fura-2 may enter Ca2'-storage organelles and give a mixed signal from the cytosol and Ca2+-storage organelle.13 It has to be noted that changes in fluorescence intensity might not be directly related to changes in
[Ca2+]i because of the heterogeneous loading of the dye due to compartmentalization into subcellular organelles. In addition, because of the presence of a trace number of nonmuscle cells in vascular medial strips, there is a possibility that the fluorescence signal is not coming exclusively from smooth muscle cells.
Measurement of Force
The fura-2-loaded strips were mounted vertically in a quartz organ bath, which was warmed by circulating water at 37°C. The contractile force was measured using a strain gauge (model TB-612T, Nihon Koden, Japan ). During a 1-hour washing period, the strips were stimulated six times with 118 mM K' depolarization, and the resting force was adjusted to 250-300 mg. The contractile force was expressed as a percentage, assuming the values in normal PSS and 118 mM K' depolarization to be 0% and 100%, respectively.
Measurement of Fluorescence
Changes in the fluorescence intensities of the fura-2-Ca2+ complex in the strips were monitored by a spectrofluorometer, which was specially designed for frontsurface fluorometry in collaboration with the Japan Spectroscopic Co., Tokyo (model CAM-OF-1 Figure 2A ). The fluorescence ratio increased rapidly (the first peak), decreased slightly once, and again increased to reach the maximum level at 2-3 minutes (the second peak) after the application of 5-HT. In the nontreated strips, we did not observe a second peak in the fluorescence change with the application of the same concentration of 5 -HT. The extent of the increase in the fluorescence ratio and force measured at 10 minutes after the application of 10 Figure SC ). When 10-5 M 5-HT was applied in the absence of cocaine, the fluorescence ratio was increased rapidly (the first peak at approximately 10 seconds, 112.6+2.2% of that induced by 118 mM K' depolarization, n=4), declined once, and then increased to reach the second peak at 1 minute (111.9+3.5% of that induced by 118 mM K' depolarization, n=4). The fluorescence ratio gradually declined thereafter but was maintained high above the resting level for at least 15 minutes (panel A).
Force increased rapidly, gradually developed to the peak at 5 minutes (105.2+6.3% of that induced by 118 mM K+ depolarization, n=4), and then declined gradually (panel B). The addition of 10`M cocaine to the bath led to a slight decrease in the fluorescence illuminated at 380-nm excitation light, with no change in that illuminated at 340-nm excitation light, resulting in a small increase in the fluorescence ratio (<5%). However, this increase in the fluorescence ratio was not statistically significant (p<0.01). Cocaine induced by 10`6 M NE, both in the presence and absence of extracellular Ca2' (data not shown). When strips were exposed to Ca2`-free PSS containing 2 mM EGTA for 10 minutes and then to Ca2`-free a-adrenergic blocking agents.8 It has been suggested that cocaine-induced vasoconstriction may be mediated by a-adrenoceptor stimulation. On the other hand, the contribution of 5-HT or histamine in triggering vasospasm has also been reported.39 '40 We have found in the present work that cocaine potentiates 5-HT-induced and NE-induced contractions. The plasma concentrations in the case of cocaine intoxication (approximately 10-6 to 10-4 M)4142 are consistent with the concentrations used in our experiments regarding the potentiating effects on vasoconstriction. Cocaine may cause coronary vasoconstriction and myocardial ischemia by potentiating not only adrenergic but also serotonergic receptor stimulation. In our experiments, cocaine potentiated the 5-HT-induced contraction more potently than the NE-induced contraction.
Inhibitory Effects of Cocaine
In addition to the potentiating effects, we also noted the inhibitory effects of cocaine, in high concentrations, on high-K' depolarization-induced and agonistinduced contractions. Although there are reports on the potentiating effects of cocaine on vascular smooth muscle contraction, the inhibitory effects have been given less attention.
In our studies, 10`M cocaine inhibited not only force development but also the increase in The present study showed a dose-dependent and bell-shaped action of cocaine on Ca2+ handling and contraction in vascular smooth muscle: In low concenpotentiating effect on NE-and 5-HT-induced contraction, whereas at high concentrations, there was an inhibitory effect on contraction by decreasing [Ca2]i.
